The current jig standard for measuring scapulohumeral movement of the shoulder complex only allows for static measurements of scapular positioning. Methods We compared scapular positioning as determined by a scapular jig with that projected from a marker triad placed on the acromion process of the scapula using an infrared motion capture system. Nine individuals performed abduction and scaption shoulder movements while arm and shoulder positioning were recorded during static and dynamic trials. Virtual scapulae were projected from surface marker triads on participants' acromia and compared with the position of three scapular landmarks identified by placement of a customized plastic jig. Static and dynamic positioning at a series of angles was compared to the jig standard to determine validity of the technique. Results There were no statistically significant differences between the virtual projections and jig standard for scapular external rotation, upward rotation, and anterior-posterior tilt planar measurements. Dynamic positioning correlated well with static projections, but virtual scapular projections generally overestimated upward rotation of the scapulae, as compared to the jig. This could potentially be corrected through the development of a linear correction factor. Conclusion Acromial projection allows for reproducible, non-invasive dynamic video motion capture of the scapula.
INTRODUCTION
Abnormal scapular kinematics are associated with a number of shoulder pathologies, including (but not limited to) shoulder impingement syndrome [1, 2] , rotator cuff tendinopathy [3] , rotator cuff tears [4] , shoulder instability [5] and adhesive capsulitis [6, 7] .
A variety of methods have been proposed to quantify scapular movement. These have progressed from initial attempts utilizing two-dimensional radiographs to modern experimental designs creating digital maps from high-speed computerized imaging [8] . In 1944, Inman et al. utilized two-dimensional analysis of radiographs to report a 2 : 1 relationship between glenohumeral elevation and upward rotation of the scapula [9] . This relationship was termed the scapulohumeral rhythm, and recent studies have reported similar rhythm ratios [10] [11] [12] . Despite being able to capture broad motions, these initial methodologies fail to account for 'out of plane' movements and provide inaccurate definitions for scapular motions [13] . To address these issues, three-dimensional techniques,includingthree-dimensionalradiographicanalysis [14] , three-dimensional digitization techniques [15] [16] [17] , and threedimensional electromagnetic-based measurements [18, 19] , were developed. However, to date, none have been clinically accepted as a model for shoulder biomechanics.
Existing non-invasive approaches to tracking scapular motion have their limitations. Because of the scapula's complex threedimensional kinematics and its mobility relative to the overlying skin, tracking the scapula using surface markers can be difficult and can produce systematic error [20] . Karduna et al. present two non-invasive methods for measuring scapular orientation using surface cutaneous markers [21] . The first is a custom adjustable jig that attaches to the scapular spine [21] [22] [23] . The second method consists of applying an electromagnetic sensor to the skin over the acromion to track scapular motion [21] . Although both methods offer reasonable validity in measuring scapular motion, with less than 10 • error measuring between 30 • and 120 • of humerothoracic elevation, the acromial projections were found to more accurately measure upward rotation of the scapula [21] . Although it is difficult to track the scapula using cutaneous methods, the advantages of this technique over other previous methodologies are ease of use and the non-invasive approach [24] . The use of an electromagnetic sensor on an acromion cluster has been found to be an effective method of tracking the scapula, as validated by a recent study using bone pins [25] . Unfortunately, electromagnetic systems are limited by the number of channels that can be simultaneously recorded, by requiring close proximity of the participant to the system's receiver, and by requiring that the participant be 'wired' to the device. Video motion capture systems, in contrast, allow for simultaneous collection of additional segmental data (e.g. simultaneous capture of the humerus, thorax and neck), at the same time as reducing the proximity requirements. These factors ultimately led to the use of video motion capture in measuring shoulder kinematics.
The present study aimed to assess the accuracy of a method for measuring the three-dimensional dynamics of the shoulder complex utilizing video motion capture and reflective cutaneous markers affixed to the skin over the acromion process. This would provide an easy-to-use, non-invasive model for assessing shoulder biomechanics for use in studies of shoulder injury.
MATERIALS AND METHODS

Participants
The protocol for data collection and participant interaction was approved by the Human Research Protection Office at Washington University School of Medicine. A convenience sample of nine healthy adults, consisting of four men and five women, was recruited by word of mouth. Participants were aged between 24 years and 32 years (Table 1) . Eight participants were righthanded and one was left-handed.
Inclusion criteria included age 18 years or older and able to perform active humeral elevation of 135 • or more. Additionally, participants had to understand and follow verbal commands. Exclusion criteria included any history of upper extremity surgeries; injury to the upper extremity within the past 6 months; current upper extremity pain or movement restrictions; or an inability to hold the arm in static positions at 0 • , 30 • , 60 • , 90 • , and 120 • , and end-range, for up to 1 minute when being measured by an examiner.
Equipment
A six-camera video motion capture system recorded threedimensional movements as each participant sat comfortably on A scapular jig ( Fig. 1A ) was used to digitize the scapula position during static trials [26] . The scapular jig consisted of two arms attached at an adjustable axis. Three apex markers were positioned on dull plastic digitizing pins corresponding to three vertices of the scapula: the acromion process, the root of the spine, and the inferior angle of the scapula. Custom-formed acromion triads ( Fig. 1B) were made from thermoplastic splint material (1/8 Polyform; Rolyan, London, UK) for both the right and left acromion of each participant. These were created for each participant by palpating the acromial angle, acromioclavicular joint, and an arbitrary third bony acromion prominence: at the medial-posterior aspect of the acromion process, near its junction with the spine of the scapula. Markers were placed on each of the three corners of the triad to represent the location of each of these palpated landmarks (Fig. 1C ).
Data collection
Surface markers were placed on each participant at anatomically meaningful locations where subcutaneous tissues were thin to reduce marker movement artefacts. The inter-and intra-tester reliability of placing surface-based landmarks for video motion capture is high (r = 0.953 and 0.957, respectively) [27] . Markers were applied to the torso, arms, and forearms in accordance with recommendations of the International Shoulder Group of the International Society for Biomechanics (ISB) [28] (Fig. 2 ). Additional markers were placed along the acromion triad ( Fig. 1B) , scapula (Fig. 1C ), and the vertex and zygomatic processes of the head, to measure movement of the scapula and head with respect to the thorax, as described previously [29] . The use of an acromion triad has been demonstrated to have acceptable between-trial (withinsession) reliability [30] . Prior to motion capture, the scapular marker sets were attached when the participant was in an anatomically neutral position to ensure consistent placement. Anatomic neutral was defined as having participants' arms relaxed at their sides, with the forearms supine, with their backs comfortably straightened when seated on a stool with feet at shoulder width apart and knees bent at 90 • . After marker placement, the participants were seated in the centre of the room, facing an investigator, and instructed to mirror the investigator in a series of planar upper extremity movements.
Participants began with a series of dynamic planar shoulder movements. Each participant performed the following three movements for three consecutive trials, first on one side then on the other: (1) humeral elevation in the coronal plane (humeral abduction); (2) humeral elevation in the sagittal plane (humeral flexion); and (3) humeral elevation in the scapular plane (humeral scaption). Humeral scaption was visually determined as 30 • anterior to the coronal plane of the thorax. Data were collected as the participant moved in concert with the investigator at a consistent speed (1 Hz) guided by an electronic metronome. Beginning from the anatomic neutral position, participants moved one arm at a time through the arc of the particular planar movement to end range to a count of 3 seconds, returning to anatomic neutral position along the same path at the same rate. The data were collected continuously at the rate of 60 Hz. A second investigator modeled the movements and timing which the subject would mirror, and provided verbal feedback to the participant and first investigator. Following dynamic trials, static movements were collected for humeral abduction, flexion, and scaption of the nondominant upper extremity. Digitization with the jig was first performed by skin palpation of the three previously described bony landmarks of the scapula. Participants then elevated their arms to the angles: anatomic neutral, 30 • , 60 • , 90 • , 120 • and end-range (with angles confirmed by goniometer). Recording began once the jig was re-digitized in the new position. Elevation and digitization of the scapula took less than 60 seconds per trial, with 73% of trials being completed in under 30 seconds. On average, approximately 1 second of digitized data from each trial was used for the analyses. An overview of the testing process is available in Fig. 3 .
Kinematics processing
All kinematics processing was performed using custom MATLAB scripts [29] derived from Chadwick [31] as described by the ISB [28] . A local coordinate system (LCS) was generated for the thorax, each scapula and each humerus in accordance with ISB guidelines [28] . The scapula LCS (Fig. 1C ) was defined as:
1. Origin scapula : acromial angle. 2. Z scapula : the line connecting the root of the spine and the acromial angle, pointing toward the acromial angle. 3. X scapula : the line perpendicular to the plane formed by the inferior angle, acromial angle, and root of the spine, pointing forward. 4. Y scapula : the line perpendicular to X scapula and Z scapula , pointing upward.
The position of the inferior angle and spinal root of each scapula was defined relative to its respective acromion triad in the neutral trial. Virtual markers for the inferior angle and spinal root were generated based on these relationships and substituted for the surface markers.
To determine scapula position based on the digitized jig, markers on the jig corresponding to inferior angle, spinal root, and acromial angle were substituted for the surface markers.
Per Wu [28] , glenohumeral variables included plane of elevation (e1), internal rotation (e3), and elevation (e2) ( Table 2) . 
Statistical analysis
A generalized linear model analysis of variance with repeated measures (ANOVA) was performed to detect differences between virtual scapular projections and the jig digitization. For all movement patterns, angular parameters were compared between static virtual projections and jig landmarks. Mean error between the two measurements was determined, and intraclass correlation coefficients (ICC) were calculated to assess consistency between the jig and projected values. The ICC determines the likelihood of the two data sets being from the same sample, as a measure of the consistency between the jig and projected angles. Measured angles included: glenohumeral plane (per Wu, 'plane of elevation'), angle ('elevation') and external rotation ('internal rotation'), as well as scapulothoracic external rotation, upward rotation and anterior-posterior tilt ( Table 2) .
Data obtained from dynamic trials were not included in the statistical analysis as a result of the variability inherent in the unconstrained dynamic trials. Dynamic data were compared visually with static projected and jig values.
A post-hoc power analysis was performed to determine the potential for type II error in the presence of negative findings. The power analysis was performed in G*Power 3.1.2 software (Faul, Erdfelder and Buchner, 2007). Assumptions included α = 0.01, nine participants and an effect size estimated at 0.2 based on the prior findings of van Andel et al. [25] .
RESULTS
For both humeral abduction and scaption movements, the acromial projection technique overestimated scapulothoracic upward rotation, at the same time as underestimating scapulothoracic anterior-posterior tilt (Fig. 4) . Glenohumeral plane was also overestimated, projecting the humerus further anterior compared to jig projections. The degree of error amounted to less than 10 • for each variable. Flexion trials were rendered unusable by missing data.
Linear ANOVA showed no statistically significant differences between static measurement techniques for glenohumeral plane and external rotation, and scapulothoracic external rotation, upward rotation and anterior-posterior tilt, for either movement pattern at the 0.01 significance level (Table 3 ). ICC between the two models was greater than 0.5 for glenohumeral plane and angle, and scapulothoracic external rotation, across both movement patterns (Table 3 ). However, both the ICC and corresponding p-values decreased for scapulothoracic upward rotation and anterior-posterior tilt for scaption patterns.
Dynamic projections of scapulothoracic upward rotation, anterior-posterior tilt, and external rotation, were within 5 • of static projections for both abduction and scaption movements.
Visual comparison revealed correlation patterns between dynamic and jig projections similar to those between static and jig projections. However, there was a lack of correlation between dynamic and static projections of glenohumeral plane, angle and external rotation (Fig. 4) . Direct statistical comparison of the dynamic and static projections is precluded by the variability inherent in multiple trials of unconstrained movement [25] .
The post-hoc power analysis revealed a β value of 0.95, suggesting high probability of type II error.
DISCUSSION
The present study aimed to assess the utility of measuring the three-dimensional dynamics of the shoulder complex utilizing a video motion capture system and reflective cutaneous markers affixed to the skin over the acromion process. The limitations of the present study include a lack of power to confidently accept the null hypothesis, the physical homogeneity of the sample (Table 1) , variability resulting from unconstrained movements by study participants, and differences between dynamic and static trials. As a result of the subjectivity inherent in determining bony landmark locations, and because of the small size of the acromial triad, a small error in marker placement can magnify error in the projected virtual scapula. Consequently, the method requires a skilled professional who is experienced in palpating fine bony anatomy to allow its use in clinical practice. Additionally, a large proportion of flexion movement data were missing, possibly as a result of the camera set-up location. This has subsequently been addressed by the acquisition of two additional cameras, improving the line of sight on surface markers.
Previous investigations suggested the possibility of using digitized scapular projections in assessing strict planar shoulder movements via electromagnetic and optical tracking techniques [21, 25, 26] . The present study suggests the usefulness of video motion capture in assessing natural dynamic shoulder movements, unencumbered by forcing participants through the typically restricted arcs seen previously.
Unlike previous studies, allowing participants to move naturally throughthestudymovements resulted inincreased intra-and interparticipant variability in humerus and scapular rotations compared to the results that might be obtained by forcing participants into unnatural positions aiming to achieve more consistent planar movements. The greatest variability typically occurred at 30 • of humerothoracic elevation, for both abduction and scaption movements. These factors resulted in increased variability in both glenohumeral and scapulothoracic positioning.
Variation exists between the dynamic glenohumeral values compared to the static projection and jig values (Fig. 4 ). This results from the dynamic trials being completed separately from the static trials, as well as participants' individual variation in humeral movement during unrestrained dynamic movement patterns. Van Andel et al. previously found that even physically restricted planar shoulder movements can result in variable humeral positions, as a result of differences in wrist and elbow flexion, and thoracic rotation [25] . Scapular kinematics were consistent for jig, static projected and dynamic projected values when achieving a set level of humerothoracic elevation.
Previous studies have shown the potential of using threedimensional digitization techniques for measuring the motion of the scapula to analyze shoulder mechanics. Analogous methodology allows our results to be compared with a study using magnetic sensors by Meskers et al. [26] , as well as with the studies of van Andel et al. [25] and Karduna et al. [21] using acromial sensors. Similar to previous findings [21, 25, 26] , acromial projection was shown to be a validated technique for measuring internal-external rotation of the scapula during planar movements. Our results have an error similar to the static acromial projections of van Andel et al. [25] for humeral abduction, with deviations between the static projections and jig values averaging less than 10 • (Fig. 4) . Similarly, there is increased variability and standard deviation in error toward the extremes of humerothoracic elevation (30 • and 120 • ) for scapulothoracic upward rotation, external rotation and anterior-posterior tilt. This contrasts somewhat with the findings of Meskers et al. [26] , who report an increasing error from 70 • to 110 • of humeral elevation before lowering at higher degrees of humeral elevation. Although the dynamic trials cannot be directly compared statistically with the static projections because they were recorded separately, the static and dynamic trials are empirically similar for the scapulothoracic variables.
The present study suggests that scapular projection from a reflective cluster affixed closely to the skin over the acromion produces a reasonable estimate of dynamic scapular movement during natural, unencumbered planar movements. The results are consistent with previous work [28, 30, 32] , which suggests the acromion projection method allows for greater ranges of scapulothoracic anterior-posterior tilt, internal-external rotation and upward rotation compared to using surface markers alone. Humeral positioning and scapulothoracic external rotation are accurately assessed using this technique, whereas upward rotation of the scapulae tends to be overestimated for planar movement patterns.
One drawback of this technique is the relative overestimation of the contribution of the scapula to total shoulder movement during abduction and scaption movements. However, importantly, the results of the present study show a similar error in humeral and scapular positioning for humeral scaption and abduction movements, indicating consistency during complex shoulder movements involving simultaneous rotations in all three planes of scapular movement. We consider that the systematic overestimation of the upward rotation of the scapula relative to the humerus could be corrected for with a linear correction factor. A larger sample study may allow for a more accurate definition of this systematic error, and allow future recordings to simply be adjusted to the identified normal values based on the other virtual outputs.
The findings obtained in the present study suggest the usefulness of the acromial projection of the scapulae in video motion capture analysis of shoulder dynamics. The present study confirms that, similar to results obtained from electromagnetic methodology, acromial projections via video motion capture closely approximate shoulder positioning data obtained using goniometry. The statistical correlation between the virtual scapular projections and digitized markers serves to validate this technique as a useful, reproducible method for quickly assessing dynamic shoulder kinematics, although the study was underpowered to confidently accept this result. This technique could prove useful for analyzing shoulder dynamics and movement patterns for a wide variety of shoulder pathology, from injury to movement abnormalities caused by diseases and shoulder impingements. Future research could include additional fixed structures (e.g. the anterior border of the clavicle) in the model aiming to increase clinical utility and decrease the possibility of error produced by individual marker misplacement.
